Laser emission from microresonators that support whispering gallery modes ͑WGMs͒ such as microdisk, microring, and microsphere has been extensively studied in recent years because of the ease of fabrication and lower threshold intensity due to very high quality factors of such resonators. [1] [2] [3] [4] [5] There exists, however, an important drawback of these highly symmetric microcavities, namely, lack of emission directionality: a feature that is inferior in the field of laser action. Different approaches have been employed to overcome this negative by deforming the circular shape into quadruple, 6 and ellipse, 7 for example. In addition, a variety of other geometrical structures such as stadium shape 8 have been fabricated for improving the emission directionality. However, higher laser threshold is required for obtaining laser emission from such irregular microcavities, and, in addition these microcavities also produce multiple output beams, thus splitting the emission energy flux.
Therefore additional efforts have been devoted to outcoupling the trapped light inside the microresonator without substantially deforming its symmetry. For example, spiral microcavities formed using both inorganic and organic semiconductors were recently shown to have directional emission with relatively high quality factor. [9] [10] [11] [12] However, only a broad lateral divergence angle of ϳ70°was demonstrated for the organic microspiral lasers. 11 Very recently another microcavity with broken symmetry was theoretically introduced, 13 which is based on a relatively long "line defect" in a plain microdisk that is formed away from the circumference. In this case the WGM field at the circumference "tunnels" toward the defect line, which then assumes a role of a secondary light source of which emission is enhanced in a direction perpendicular to the line defect. 13 However, so far no experimental verification of such laser microcavity has been reported. In the present work we study unidirectional laser emission from -conjugated polymer microcavities with broken symmetry geometries such as spiral, and microdisk with line defect, and compare their laser emission properties to those of a plain microdisk.
For the organic semiconductor gain material we used poly͑dioctyloxy͒ phenyl vinylene ͑DOO-PPV͒, a red-emitter -conjugated polymer with superior emission quantum efficiency 14 ͓see Fig. 1͑a͒ inset͔. The polymer powder was dissolved in toluene and spin cast onto a glass substrate forming a uniform film with thickness of ϳ2 m. A positive photoresist was spun onto the polymer film and "soft baked" at 90°C. After the UV exposure and developing, the structures that were preprinted on the photoresist were "hard baked" onto the film at 120°C, and etched with oxygen plasma onto the polymer layer. The microcavity diameters ranged from 50 to 200 m with a boundary roughness Ͻ1 m ͓Fig. 1͑a͒ inset͔. Spiral microcavities were fabricated, where the radius varies according to the relation r͑͒ = r 0 ͑1+ /2͒, 10 where r 0 is the smallest radius and is the deformation factor ͓Fig. 2͑a͒ inset͔. For our microcavities r 0 ranged from 50 to 150 m, and ranged from 0.15 to 0.30. We fabricated line defects in plain polymer microdisks having a fixed width of 2 m and a length of 10 or 20 m. The distance from the defect edge to the microdisk circumference was ϳ10 m. The orientation of the line defect with respect to the circular geometry ͓Fig. 3͑a͒ inset͔ that is characterized by an angle ͓Fig. 3͑b͒ inset͔, was set to = 45°, 60°, or 75°.
Laser emission from the fabricated microcavities was generated using the second harmonic of a pulsed Nd:yttriumaluminum-garnet laser amplifier system operating at 532 nm, with pulse duration of 100 ps at 870 Hz repetition rate. The emitted light was collected using a fiber of 1 mm diameter, approximately 1 cm away from microcavities and sent to a triple spectrometer, where a charged coupled device camera recorded the light intensity as photon counts. The overall spectral resolution of the collected light emission was 0.1 nm. A manual rotational stage having 2°accuracy was used to rotate the laser microstructures for azimuthal intensity distribution measurements, and the recorded intensity was plotted versus the azimuthal angle .
The spectral laser mode spacing ⌬ in the emission of such microcavities above laser threshold is given by the relation 14 ⌬ = 2 / nC, where is the emission wavelength, n is the polymer effective refractive index, and C is the microresonator circumference. For microdisk with fixed diameter D, CЈ = D, whereas for spiral microcavity C Ã was calculated by integrating the arc length for a complete cycle in . In addition, the power Fourier transform ͑PFT͒ of the emission spectrum from a laser microcavity contains equally spaced diminishing Fourier components with periodicity ⌬l = nC /2. 14 The following laser characteristic properties for a plain microdisk serve as a basis comparison for the two broken symmetry microlasers discussed later. The bilinear logarithmic dependence of the emission output intensity on the excitation intensity I presented in Fig. 1͑a͒ for a plain microdisk with D = 155 m shows a laser threshold I th ϳ 90 nJ/pulse. A number of narrow emission lines at ϳ634 nm are observed with equidistant mode spacing, ⌬ ϳ 0.44 nm ͓Fig. 1͑b͔͒, which gives rise to a PFT spectrum that contains periodic peaks separated by ⌬l = nD /2 = 138 m. From this relation we calculate the polymer effective refractive index upon laser action to be n ϳ 1.78. In addition, we found that the azimuthal distribution of the emission intensity for excitation intensities below and above laser threshold is isotropic ͑within 5%͒, as expected for this type of symmetric microcavity. From the emission versus excitation intensity dependence shown in Fig. 2͑a͒ right inset the threshold intensity I th of two spiral cavities with r 0 =79 m and = 0.30, and r 0 =86 m and = 0.16, respectively, was measured to be ϳ100 nJ/pulse; comparable to that of the corresponding microdisk. The laser emission spectrum of the former spiral microcavity ͓Fig. 2͑a͔͒ contains similar modes to that of the plain microdisk, but they do not possess a well-defined mode separation. This is clearly seen in the PFT analysis of the emission spectrum, which contains only a single harmonic peak ͓Fig. 2͑a͒ left inset͔. This finding can be explained when considering the variation of the light trajectories in a spiral geometry, which produces a bigger variation in the effective nC Ã value. 9, 12 Yet the variation of such trajectories is reduced at smaller approaching the microdisk case, as shown in Fig. 2͑a͒ left inset for = 0.16. Nevertheless from the relation ⌬l = nC Ã /2, where n = 1.78 as determined above, we found that the effective circumference of the spiral cavity for = 0.30 is 646± 4 m. The physical circumference of this cavity is calculated to be ϳ650 m, which is in excellent agreement with the PFT analysis. This microcavity clearly shows unidirectional emission ͓Fig. 2͑b͔͒. The emission from the spiral microcavity with = 0.30 has a narrow lateral divergence angle ͑LDA͒ ϳ12°. It also has a directionality contrast ratio ͑DCR͒, which is defined as the ratio between maximum and minimum emission intensities along the azimuthal angle, of ϳ10, as measured at tilt angle ␣ ϳ 20°. These directionality parameters are better than those achieved previously with another polymer lasing medium. 11 We also note that the DCR improves at higher excitation intensities and/or larger cavity deformation factor.
As seen in Fig. 3͑a͒ right inset we also measured I th ϳ 100 nJ/pulse independent of the fabricated line defect parameters, similar to that of the perfect microdisk. In addition the laser emission spectrum preserves its ordered line structure due to the disk shape ͓Fig. 3͑a͔͒. This indicates that the WGM field in such cavities is not disturbed much by the introduced "linear defect," since is relatively far from the circumference; but, in contrast close enough that the WGM field tunnels through and creates a secondary light source with less divergence. 13 From the line separation in the emission PFT ͓Fig. 3͑a͔͒ we obtained an effective diameter D = 151± 4 m, in very good agreement with the original fabricated diameter of ϳ155 m. Importantly, unidirectional emission was observed from such microstructure with DCR of ϳ8 and LDA of ϳ15°͓Fig. 3͑b͔͒. No considerable difference in directionality has been observed with respect to the size or orientation of the introduced line defect, in contrast with the theory. 13 This may be explained by the experimental variation in disk diameter and film thickness, which obscure the predicted changes in the DCR with the linear defect parameters. We note that the laser mode linewidth for this type of cavity is the same as in plain microdisk, and this shows that the microlaser quality factor is determined by impurities, defects, self absorption, and inhomogeneity in the polymer film, rather than by the cavity quality factor.
In conclusion, we fabricated microcavities with broken symmetry from DOO-PPV luminescent polymer films and observed very promising unidirectional laser emission with directionality contrast ratio of 8-10 and lateral divergence angle of 12°-15°. The improved emission directionality does not come at the expense of I th , and this indicates that the microlaser quality factor for polymer lasers is determined by factors other than the resonator quality factor. This shows that directional emission in polymer lasers can be obtained without substantial increase in the excitation intensity. The microdisk cavity containing line defect has an advantage over the spiral microcavity, since it preserves the equidistant mode spacing in the laser emission spectrum along with similar improved directionality properties of the emission radiation.
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